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Candida albicans is a dimorphic fungus capable of either yeast or mycelial growth, depending on environmental conditions. Although generally an unremarkable member of the human microbial flora, C. albicans, as an opportunistic pathogen, can promote infections ranging from superficial irritations to systemic disease (17) . In this regard, investigations of C. albicans have focused on understanding dimorphism and its relationship to the invasiveness of the organism. Although the phenomenon of dimorphism is well known, the key biochemical and molecular events which regulate the transition of the yeast form to the hyphal form have yet to be identified.
One approach to examining these issues is to dissect the steps leading to germination by employing agents that inhibit the process. In the present study we investigated the effect of cerulenin and sodium butyrate on the germination of C. albicans. Cerulenin is an antibiotic that inhibits fatty acid biosynthesis in a number of bacteria, yeasts, and fungi (18) . This property has been exploited to examine phospholipid and sterol functions in several systems. For example, cerulenin has been utilized to study the relationship between membrane biogenesis and spore germination in Rhizopus stolonifer (16) and Botryodiplodia theobromae (2) . Furthermore, cerulenin has been used to uncouple phospholipid biosynthesis from other processes in the study of differentiation of Dictyostelium discoideum (4), Caulobacter crescentus (7) , and Mucor racemosus (11) . On the other hand, sodium butyrate has been used primarily in the study of higher eucaryotic cells and has been shown to reversibly influence a number of diverse processes, including cellular differentiation, cell growth, enzyme induction, and cellular morphology (12) . The mechanism(s) by which sodium butyrate mediates these alterations has not been defined rigorously; however, the compound does not significantly affect RNA or protein synthesis in these systems.
In this communication, we report the utility of both cerulenin and sodium butyrate in the study of C. albicans germination. In particular, we demonstrate that use of both agents in combinations may provide a way to examine the importance of membrane biogenesis and function to morphogenesis.
MATERIALS AND METHODS
C. albicans 4918 was utilized in all experiments to prevent the complication of experiments by the appearance of pseudohyphae (14) . chloroform-extractable material was filtered through glass fiber filters and extracted with 3 volumes of 2 M KCl-1 volume of distilled water. Samples of the filtrate were then removed to scintillation vials, dried, and counted in Aquasol.
Chitin biosynthesis. Chitin synthesis was assayed by determining the incorporation of [3H]N-acetylglucosamine into acid-alkali-insoluble material (3). At appropriate times after the shift up to 37°C, cultures were pulsed for 20 min with 10 ,uCi of [3H]N-acetylglucosamine per ml. Incorporation was stopped by the addition of 2 ml of 15% TCA to each 4-ml culture. Paired samples were taken from each culture (3 ml each); one of each pair was placed immediately at -70°C, and the other was filtered through a nitrocellulose filter (0.2-p.m pore size; Nucleopore Corp.). Filters were then stored at -70°C. Cells from the latter samples were resuspended in PBS buffer and disrupted with glass beads, and total protein in each sample was then determined by the method of Lowry (13) . The nonfiltered samples were thawed the next day, washed twice with PBS, resuspended in 2 ml of 1 N HCl, and boiled for 90 min. Samples were washed again, resuspended in 2 ml of 1 N KOH, and boiled for an additional 90 min. The cell pellets were finally washed and resuspended in 2 ml of PBS. Subsequently, the insoluble material was collected by filtration onto glass fiber filters and washed with 95% ethanol. After drying, filters were placed in 5 ml of Aquasol and counted. Data were normalized and expressed as cpm per microgram of protein.
RESULTS
Inhibition of germination by cerulenin and sodium butyrate. Preliminary experiments indicated that cerulenin and sodium butyrate could effectively prevent C. albicans morphogenesis. Cerulenin effectively inhibited germination at concentrations of as low as 1 ,ug/ml (Fig. 1A ). An increased number of yeast cells germinated at low cerulenin concentrations, whereas increasing cerulenin concentrations to higher values did not further reduce the observed number of cells that began germination. Thus, all subsequent experiments were performed with cerulenin at 1 p.g/ml. In the case of sodium butyrate, concentrations of 50 mM or greater completely abolished germination. When used at 20 mM, sodium butyrate allowed only 1 to 3% germination (Fig. 1B) , and this concentration was used in all other experiments.
The morphology of cells treated with either of the two agents is shown in Fig. 2 . In comparison with an untreated control (Fig. 2a) , germ tube emergence was sharply inhibited when cells were treated with either cerulenin (Fig. 2b) or sodium butyrate (Fig. 2c) . In addition, cells treated with sodium butyrate were somewhat larger than those treated with cerulenin and remained as chains resembling pseudohyphae.
Emergence of germ tubes ensued at ca. 90 min cultures were shifted to 37°C. In contrast, supplementation of cultures with sodium butyrate at times later than 45 min after a temperature shift resulted in an essentially normal germination response. Likewise, addition of cerulenin at various times after induction of germination resulted in an increased likelihood of cells to undergo germination. In fact, addition of cerulenin concomitant with stimulation of germination resulted in the appearance of more germlings (Fig. 3 ) than when cells were preincubated with cerulenin before the temperature shift (Fig.  1A) . However, continued microscopic examination of young germlings from cerulenin-treated cultures revealed that germ tube elongation of such cells became inhibited.
Protein biosynthesis. Trypan blue staining of cells taken from cultures described in the studies above showed that cells remained viable throughout the time course of the experiments. To further assess the effect of cerulenin and sodium butyrate on cell physiology, we determined the rate of protein biosynthesis in treated and untreated cells. These studies demonstrated that neither agent significantly affected the rate of protein biosynthesis for at least 140 min after the cultures were shifted to 37°C (Fig. 4) .
Lipid biosynthesis. Because cerulenin is an inhibitor of fatty acid biosynthesis, it is likely that the agent inhibits C. albicans germination by interference with the biosynthesis of lipid moieties required for membrane biogenesis and function. However, evidence from other studies (12) and the fact that sodium butyrate-blocked germination cannot be reversed by fatty acids (see below) suggest that sodium butyrate-mediated inhibition of germination most likely occurs through an alternate mechanism; however, an indirect effect on lipid biosynthesis might result as a consequence of sodium butyrate treatment. To examine this issue further, we examined the rate of lipid biosynthesis in cerulenin-and sodium butyrate-treated C. albicans cultures stimulated to undergo morphogenesis (Fig. 5) (Fig. 6) . Likewise, -chitin biosynthesis in sodium butyrate-treated cells was 38, 57, and 15% that of control cells over the same time intervals. Since protein biosynthesis during these time intervals is essentially identical in treated and untreated cultures (Fig. 4) , the observed inhibition of chitin biosynthesis is not a reflection of a general depression in protein biosynthetic activity.
DISCUSSION
Cerulenin and sodium butyrate effectively blocked germination of C. albicans. Importantly, the concentrations used in this study did not adversely affect protein biosynthesis or cell viability during the time course of the experiments, and it is therefore unlikely that failure of cells to undergo morphogenesis was related merely to cell death.
The inhibitory effect of sodium butyrate on germ tube emergence was dependent on the time of exposure of C. albicans to the agent relative to the time of induction of germination. In this regard, our results suggest that sodium butyrate blocks the biosynthesis or assembly of some component required for germination and that this requirement was satisfied by 45 to 60 min after the stimulation of germination. In light of evidence obtained in other systems (1, 12) , sodium butyrate might interfere with cytoskeletal assembly which in turn could prevent the polarization of cell wall biogenesis that accompanies morphogenesis. Alternatively, sodium butyrate- induced hyperacetylation of histones (20) may interfere with the differential regulation of certain key gene products necessary for hyphal growth to proceed. Certainly, other possibilities can be envisioned as well, and these issues are currently under investigation.
Similarly, C. albicans germination increased dramatically when cerulenin was added at times after incubation of cultures at 37°C. In this case, it is likely that when cultures were supplemented with cerulenin at later times relative to the shift in incubation temperature, existing lipids synthesized before drug addition may have been sufficient to allow germ tube emergence to begin. However, with the depletion of available lipids, germ tube elongation slowed, resulting in the stunted germlings observed in these experiments.
We have also demonstrated that, whereas cerulenin presumably blocks germ tube emergence by inhibition of lipid biosynthesis, sodium butyrate treatment has no effect on the rate of lipid biosynthesis, although in this case qualitative or quantitative differences in the biosynthesis of individual lipids have not been ruled out. In addition, inhibition of germination by cerulenin can be overcome by palmitate, but supplementation of sodium butyrate or sodium butyrate-and cerulenin-treated cultures with palmitate failed to promote germination. These findings suggest that, although lipid biosynthesis is necessary during C. albicans germination, fulfillment of this requirement does not ensure that morphogenesis will occur. The results also indicated that use of both agents will allow a distinction to be made between events coupled to membrane or membrane-bound organelle biogenesis that are directly related to germination and events that might be affected by membrane integrity but that are not essential for hyphal development.
In this regard, we have examined the effect of cerulenin and sodium butyrate on chitin biosynthesis during germination. The reasons for this choice were severalfold: (i) chitin synthesis is differentially regulated during germination (3, 6) and may be a critical event in the process, (ii) chitin synthase is associated with the plasma membrane and may require phospholipids or sterols for maximal activity (3, 9, 19) , and (iii) the study of chitin synthase and chitin deposition allows an examination of the interrelationship between membrane and cell wall activity during morphogenesis. ample, by perturbing the normal environment, cerulenin may interfere with the phospholipidenzyme interactions necessary for maximal enzyme activity. The demonstration by others of lipid components in chitosomes (10) suggests that this could be an explanation. In contrast, sodium butyrate does not interefere with lipid biosynthesis and presumably would not inhibit chitin biosynthesis in this fashion, but rather might influence zymogen activation, etc. Thus, exploitation of both agents may provide a way to study the regulation of processes leading to chitin synthase induction. Likewise, a study of other membrane-associated enzymes (glucan and mannan synthases, etc. [5, 15] ) and functions (transport of cell wall polymers etc. [8, 21] ), as well as investigations concerning the importance of these parameters in C. albicans germination, should be facilitated by use of cerulenin and sodium butyrate as inhibitors of C. albicans morphogenesis.
